Small changes in short-and long-term soil water storage can affect crop productivity in semiarid climates. To optimize tillage and residue management on silt loam soils, we compared evaporation from a range of soil surface conditions in a climate with dry summers. Sixty low-cost, low-maintenance lysimeters were constructed from 26-L buckets and installed in-ground for five summers. Three summer fallow soil management options were mimicked by packing soil uniformly to the surface, putting a loose layer of fine soil on top of the packed base, or placing a mixture of clods and fine soil on top of the base. Different amounts of wheat residue on the soil surface were also tested. With three replications, the lysimeters were capable of discriminating 0.10-mm evaporation differences between treatments at p < 0.05. Evaporation differences were small, typically only 5 mm, at the end of each summer fallow dry season. Wheat residue on the soil surface and different soil mulch treatments had little influence on evaporation during long dry periods, but surface residue had a substantial effect on soil water storage immediately after rainfall, especially as evaporative demand decreased in early autumn. The results indicate that high levels of surface residue might be more important than tillage or no-till in the proportion of early autumn rain being stored vs. evaporated.
In the dryland Pacific Northwest of the United States, the predominant cropping system in areas receiving <350 mm of annual rainfall is a winter wheat (Triticum aestivum L.)-summer fallow, 2-yr rotation. In this Mediterranean climate, significant rain is rare in July, August, and September. The summer fallow period, and the traditional practice of creating a loose, fine soil mulch to retain water in the seed zone, is considered important for the germination of winter wheat in late August or September (Schillinger and Papendick, 2008) . This is many weeks before germinating rains can be expected. In this system, dry surface soil is pushed into ridges, and wheat seed is placed into moist soil 15 to 20 cm below the original soil surface in the bottom of the furrows. Under good conditions, the seedlings emerge in time to establish deep roots and hardy crowns before the onset of cold weather.
The water storage efficiency of summer fallow is low, at about 30% of precipitation received (Wuest and Schillinger, 2011) . The water stored in the soil profile in autumn is essential for the establishment of deeply rooted winter wheat capable of rapid growth during the cool, wet, late winter and spring and exploiting soil water down to 200 cm during grain development in May and June. Despite the inefficiency of water storage in the 2-yr, winter wheat-summer fallow system, yield and yield stability are high relative to annual cropping (Schillinger and Papendick, 2008; Schillinger and Young, 2014) .
Modifying evaporation during summer fallow by creating a loose soil mulch is a common practice in the Pacific Northwest. Tillage is also used as a cheap and effective way to control weeds during summer fallow. Tillage can roughen the soil surface, decrease the albedo, and increase porosity. The warmer, porous soil on the surface can then dry faster than surfaces without a soil mulch (Moret et al., 2007) . At the same time, the soil mulch reduces the unsaturated hydraulic conductivity, which slows transport of liquid soil water from the
Core Ideas
• Inexpensive lysimeters can produce precise, summer-long evaporation comparisons.
• Surface soil density and tillage depth had small effects on evaporation.
• Crop residue had a small effect on evaporation over long dry periods.
• Crop residue had a substantial effect on evaporation following rain.
subsoil to the surface. The traditional farming method for winter wheat-summer fallow in the Pacific Northwest depends on a soil mulch of 10 to 15 cm with low hydraulic and vapor conductance to protect the undisturbed soil just below the mulch. High hydraulic conductivity and relatively high soil water content must be maintained below the soil mulch to achieve a water potential above −1.0 MPa, which is required for germination of wheat (Wuest and Lutcher, 2013) .
The timing and type of tillage, and whether tilled fallow is more effective than no-till fallow in specific locations and soils, needs to be better understood to improve the effectiveness of soil and crop residue management practices. Traditional practices, and guidelines for using them, have been applied across the region in the past, but recent experience indicates that alternative practices like no-till summer fallow may be economically superior in certain climate zones and on certain soils (Machado et al., 2015; Schillinger and Young, 2014) . However, in some cases such as sandy soils, a residue layer or tilled soil mulch might have little influence on total evaporation (Jalota et al., 2001; O'Leary and Connor, 1997; Wuest and Schillinger, 2011) . Increasing problems with herbicide resistance means tillage is likely to remain an important tool for many farmers. There is evidence, however, that tillage can be reduced to relatively minimal amounts including the number of passes, aggressiveness at breaking clods, and timing and depth of the first tillage pass in the spring (Schillinger, 2001; Young and Schillinger, 2012) . Minimizing tillage in terms of soil inversion, burying of crop residues, and number of passes reduces soil erosion by wind and water.
No-till fallow relies on herbicides to control weeds and leaves more crop residue cover on the soil surface, but it is still unclear whether no-till provides more water for crop growth in the Pacific Northwest. There is already general agreement that no-till summer fallow systems (chemical fallow) in the Pacific Northwest usually do not preserve seed-zone water through to the desired early planting date in most years (Schillinger and Bolton, 1993) , but soil moisture gain due to early autumn rains appears to be greater under no-till (O'Leary and Connor, 1997; Wuest and Corp, 2011) . In some locations, better storage of late summer or autumn rain allows wheat establishment early enough in the autumn to produce satisfactory and sometimes superior yields. An important question is whether this is a function of greater surface residue or if the untilled soil has water transmission properties that cannot be replicated on a tilled soil with equal levels of surface residue.
The individual components of a soil surface can be isolated and studied to create models of evaporation from soil. For example, Flury et al. (2009) measured vapor transport through crop residue with the mulch suspended directly above a water surface, and Fuchs and Hadas (2011) measured vapor transport through aggregate mulches at different wind speeds. This approach provided insights into how the thickness and orientation of matter on the soil surface affect the movement of water vapor, but the complex and variable nature of soil makes it important to find ways to directly measure the effects of crop residue and soil mulch over different surface soil conditions, soil types, and moisture contents. Under semiarid conditions it is important to take into account how a low liquid water content of the subsoil impedes liquid water migration (Grifoll et al., 2005) , and this in turn influences the effect of crop residue or a soil mulch. Although it is important to predicting evaporation, it has proven difficult to determine the zone of evaporation, which moves daily during a dry-down period (van de Griend and Owe, 1994) . Therefore experimental data rather than models are sometimes necessary to address farmers' questions for management decisions on specific practices.
One of our goals is to make field measurements of soil and crop residue management options that apply to specific locations, soils, and farming practices so farmers can optimize crop production. For example, in places where wheat yields are high, farmers find it very difficult to manage large amounts of surface residue at seeding time because most seed drills do not handle residue cover well, especially in a soil loosened by tillage. To justify the added expense and difficulty of maintaining high surface residue levels, data are needed to show whether or not a substantial long-term yield advantage can be expected from high levels of crop residue surface coverage maintained through the entire summer fallow and seeding operation.
One way to collect field measurements of water dynamics in deep soil profiles is by using large, expensive lysimeters. The size, and especially the depth, of a lysimeter helps determine how realistic results will be in terms of leaching fraction, rooting depth, and total water available. In dry climates, like the Mediterranean climate of the dryland Pacific Northwest, modifications in lysimeter requirements can be considered, especially if the measurements are limited to spring, summer, and autumn. For instance, lysimeters do not require drainage during the summer. Also, the lack of a deep moisture supply from below is less of a consideration in well-drained soils. By the time winter and spring rains are over, the deep silt loam soils of the dryland Pacific Northwest are very well drained. They often have not attained their maximum long-term water holding capacity due to an initially low soil water content after winter wheat harvest (Schillinger and Bolton, 1993; . Therefore, for lysimeters to produce useful comparisons of resistance to summer evaporation in a Mediterranean climate, they only need to contain enough water below the surface treatment so that diminishing evaporation in one treatment compared with another is not due to a lysimeter becoming too dry.
Small lysimeters, with less soil depth and smaller diameter, might not only contain insufficient soil water, they might be exposed to unrealistic soil temperatures. For example, under irrigation, 9-cm-diameter microlysimeters built of metal tubing transmitted heat downward faster than plastic tubing and therefore affected the soil temperature inside the lysimeter (Evett et al., 1995) . Such artifacts can influence water movement and evaporation, so temperature profile differences between the soil in the lysimeter and what would occur in the field should be minimized.
The objectives of this study were to: (i) determine the performance and applicability of small, low-cost lysimeters in the Pacific Northwest; and (ii) compare evaporation from soil treatments that mimic summer fallow management options for a dry climate.
Materials and Methods
The weighing lysimeters consisted of two 26.5-L, high-density polyethylene (1-mm thickness) buckets, one buried in the ground to within 1 cm of its top and the other filled with the test soil and resting inside the first. The buckets are tapered and have a tight fit on the sides while nested. This was intended to keep the lysimeter as close to normal soil temperatures as possible. The inner bucket containing the test soil had several centimeters of its upper rim cut off so the top edge would be closer to ground level, and this resulted in the rim of the lysimeter being 7 cm above the surrounding ground level. When filled with soil to within 1 cm of the rim, the lysimeters had a volume of 23 L. The opening was 27.7 cm in diameter, so 16.6 mm of precipitation equaled 1 kg of lysimeter weight. The depth of soil inside the lysimeter was 40 cm. The lysimeter positions in the buried liner buckets were in a completely randomized design each year.
The inner bucket had handles that were used to lift it out of its liner bucket to be weighed. A tripod was set over the lysimeter, hooks attached, and the lysimeter lifted clear of the liner. A load cell (LC101-100, Omegadyne) was attached to a datalogger that averaged 100 readings in 10 s. The tare weight of the lifting apparatus was recorded regularly, and a 19-kg test load was weighed as a standard to check for problems in the system. It took 2 h to weigh 60 lysimeters, and readings were typically made once or twice a week.
Treatments
The lysimeters were used for five seasons, 2011 through 2015, with a variety of soil treatments designed to test lysimeter performance and to compare soil surface characteristics for evaporation during summer fallow and storage of rainfall in the early autumn (Table  1 ). In general, the bottoms of the lysimeters were packed with a moist soil (0.14-0.15 kg kg −1 water content) from a well-mixed pile, and then a layer of soil at different thicknesses, bulk densities, or with clods placed on top to within 1 cm of the rim. The soil was a Walla Walla silt loam (a coarse-silty, mixed, mesic, superactive Typic Haploxeroll, 21% fine to very fine sand, 69% silt, 10% clay, and about 11.1 g kg −1 organic C). Lysimeters were repacked every year with homogenized soil to make sure the starting base soil moisture was equal for all treatments. One experiment used four replicate lysimeters, but all others used three replicate lysimeters per treatment (Table 1) .
Many of the surface treatments were intended to represent the tilled soil mulch commonly used in Pacific Northwest summer fallow with the intention of reducing evaporation during the hot, dry summer. Because it was not possible to transfer undisturbed soil to the lysimeters, the no-till-type treatment (no-mulch treatment) was created by packing moist soil to within 1 cm of the rim of the lysimeters (Fig. 1) . The moisture level of the base soil was adequate to achieve a well-consolidated monolith, averaging 1.12 g cm −3 . The treatment used to represent a finely tilled soil mulch (mulch treatment) contained the same soil as was used in the base of the lysimeters, but it was laid on top of the base soil without packing. Cloddy mulch was a mixture of clods and fine Table 1 . Experiments, treatments, number of replicate lysimeters for each treatment, and the maximum treatment difference on the last measurement before substantial autumn rain fell at the end of the summer fallow season. All soil water contents of base soil and surface treatments were 0.14 to 0.15 kg kg −1 unless otherwise noted. soil taken directly from the surface of a minimally tilled summer fallow field (water content about 0.08 kg kg −1 ). The surface residue treatments were wheat residue, mostly stems and leaves, placed flat on the soil surface. A light net was fastened over the lysimeter to try to keep the residue from being moved by the wind (Fig. 1 ).
It was important to test whether the lysimeters contained enough soil water in the base soil below the surface treatments to avoid serious decreases in evaporation in treatments that lost larger amounts of water early in the summer. Different depths of soil mulch would require different amounts of base soil in the bottom of the lysimeters to bring all treatment surfaces to 1 cm below the rim of the lysimeter. To test the effect of equal amounts of base-soil water under different depths of surface soil mulch, the soil mulch depth treatments in 2012 contained the same mass of base soil. To bring all treatment surfaces to 1 cm below the lysimeter rim, we placed different amounts of sand in a plastic bag on the bottom of the lysimeter (Table 1) .
Even in experiments having equal base soil amounts, as described above for one of the 2012 experiments, the total soil moisture available for evaporation was somewhat different between treatments at the start of an experiment because of different amounts of water in the surface soil treatments. This was due to different soil mulch depths, bulk density differences, or drier soil being collected directly from the field in the case of soil mulches that included clods.
Temperature and Weather
In 2011, temperature probes were inserted into four lysimeters with 10-cm cloddy soil mulches to compare temperatures at the bottom of the lysimeters and at 2 cm below the surface with temperatures at similar depths in the ground surrounding the lysimeter installation. In 2014, thermistors (10K ohm, NTC, ±10%, 135-103F AGJ01, Honeywell) were placed 30 cm below the soil surface in every lysimeter when the lysimeters were packed. A current of about 0.008 mA was maintained during readings and measured with a precision resistor while voltage drop measurements were made. The resistance of each thermistor was recorded hourly and converted to temperature using individual calibration curves accurate to 0.1°C or better (Wuest, 2013) .
Precipitation, air temperature, humidity, wind speed, and solar radiation were monitored at a weather station located onsite. The ASCE standardized reference evapotranspiration equation for a short crop was used for daily reference evapotranspiration (ET 0 ) estimates (Walter et al., 2000) .
Analysis
As expected, each summer had unique weather conditions, with different timing and amounts of rainfall, so the years were not combined for statistical analysis. To compare treatments for response to evaporative demand and rainfall, each measurement interval was categorized. Measurement intervals where <0.3 mm of precipitation accumulated were categorized as dry intervals. Measurement intervals where >5 mm of precipitation accumulated were analyzed separately. Intervals with accumulated precipitation between 0.3 and 5 mm were not analyzed. Treatment differences were determined using analysis of variance of the average change in weight during the dry or >5-mm precipitation intervals. Mean separation was performed using the Simulate method of SAS GLIMMIX, with experiment-wide p < 0.05 (Gbur et al., 2012) .
Results

Lysimeter Performance
Variability among replicate lysimeters was low. The root mean square error of lysimeter weight change expressed as water depth across all treatments and all years ranged from 0.21 to 0.46 mm for measurements following rainfall >5 mm and 0.05 to 0.19 mm for dry intervals.
The principal concern about accuracy of the lysimeters in representing field conditions was whether they contain enough water to maintain realistic evaporation rates. In 2012, the mid-summer period was very dry, with no precipitation for 86 d, from 18 July to 12 October (Fig. 2) . The treatment with the least amount of soil water at the start of the experiment was the 0-cm soil mulch depth (no mulch), which had 18 kg of base soil at 0.14 kg kg −1 gravimetric water content (Table 1, 2012a) . Evaporation continued during the summer, with the rate of evaporation diminishing with time in August and September ( Fig. 2A) . By October, evaporative demand also decreased due to cooler temperatures and reduced solar radiation. In Fig. 2A it appears that the 0-cm mulch depth continued to lose water in a manner similar to the other treatments, even though the other treatments had additional soil moisture in the loose mulch layer on the surface. In September and October, losses continued in all treatments, indicating that the evaporation rates were not severely limited by depletion of base-soil moisture. Of course, more water would be available to all treatments if there was hydraulic continuity to a greater soil depth, and the absolute evaporation rates might be different in that case.
More evidence that the lysimeters contained an adequate deep water supply is in Fig. 2A and 2B. All the treatments in Fig. 2B have a 12.5-cm surface soil mulch depth, and unlike the treatments in Fig. 2A , the base soil went to the bottom of the lysimeter. Therefore, treatments in Fig. 2B had 7.5 cm more base soil with 12 mm more water at the start. The evaporation response was very similar, especially the 12.5-cm depth treatment in Fig. 2A (with less base soil) and the bulk density treatments (also having 12.5-cm-thick surface soil mulch but more base soil) in Fig. 2B . If evaporation was limited by water supply, we would expect the 12.5-cm mulch-depth treatment in Fig. 2A to have lost less water to evaporation than the two bulk density treatments in Fig. 2B .
Like the summer of 2012, the summer of 2011 also had a long dry period (Fig. 3) . The no-mulch and 10-cm-deep mulch of clods without fine soil treatments lost almost 20 mm of water immediately after the lysimeters were installed. They maintained a steeper evaporation rate until the rainfall event in October. Despite more moist soil base in the no-mulch treatment, no treatment demonstrated limits in evaporation due to a lack of water. Differences in water storage were mostly due to initial evaporation when the lysimeters were first placed in the field and differences in storage immediately following rainfall events.
The average temperature inside four of the lysimeters with 10-cm cloddy soil mulch treatments at the 2-cm depth was 27.7°C, with a diurnal range of 33.8°C, vs. 29.0°C average and a diurnal range of 28.0°C in the ground surrounding the lysimeters. At a depth of 40 cm (the bottom of the lysimeters), the lysimeters averaged 26.0°C with a range of 1.2°C vs. 25.5°C average temperature and a range of 0.5°C for the surrounding ground.
The soil surface in the lysimeters was positioned about 1 cm below the rim to prevent loss of soil during the experiment. Because some of the soil treatments were prone to settling with time, artifacts caused by shading and wind protection of the soil surfaces at different depths below the lysimeter rim were a concern. In 2011, some lysimeters were set up to test the effect of shading and wind protection when the soil surface was up to 15 cm below the rim of the bucket. It was found that soil surfaces at 0, 2.5, and 5 cm below the rim differed less than 1 mm in evaporation during most of the summer (data not shown). It appeared that 1 cm of lysimeter bucket rim above the soil surface is reasonable, and if settling or other factors cause it to increase to 5 cm, this will not cause serious problems with shading or evaporation.
The presence of a 1-cm rim above the soil surface not only protects from loss of soil from the lysimeter, it ensures that rainfall is captured within the lysimeter. (This might not be true in a climate with significant raindrop splash.) This means, however, that the effects of roughness, residue cover, and soil aggregation on runoff from slopes is not represented in the data. The data need to be interpreted as representing level soil.
Treatment Effects on Evaporation
Soil Mulch Depth
In 2012, increasing the depth of loose soil mulch above the base soil reduced water loss during the 80-d dry period (Table 2, 2012a; Fig. 2A ). Evaporation rates were very similar for all mulch depths in the first 14 d after the mid-July rain, but evaporation slowed more rapidly with deeper mulch, resulting in about 5 mm less water evaporated from the 20-cm mulch compared with the 5-cm mulch. The 0-cm mulch (no mulch) had packed moist-soil base exposed at the lysimeter surface. This produced faster evaporation at the start of the experiment and a smaller response to the 17-mm rain in mid-July. By the end of August, the 0-cm evaporation rate decreased and became more similar to the other mulches. Because most of the nine dry intervals occurred after August, the 0-cm mulch ended up with lower average dry-interval evaporation than the 5-, 7.5-, and 10-cm treatments (Table 2) .
Similar results were observed in 2013 where 18-and 12-cm mulches had a slower evaporation rate during dry intervals than the 6-cm soil mulch (Table 2, 2013) . The difference in evaporation during dry intervals and water storage during intervals with rainfall (Table 2 ) resulted in a total of 8 mm greater net water gain by the 18-cm soil mulch than the 6-cm soil mulch at the end of the experiment.
Bulk Density of Surface Mulch
In 2012, comparison of soil mulch densities of 0.8, 0.9, 1.0, 1.1 and 1.2 g cm −3 revealed virtually the same evaporation from the lowest bulk density compared with the highest during the long dry period. Lower bulk densities (0.8 and 0.9 g cm −3 ) stored slightly more water than a bulk density of 1.2 g cm −3 during intervals with rainfall (Table 2, 2012b) .
Surface Residue
Dry intervals were defined as measurement intervals receiving <0.3 mm of rain. Wheat residue placed on the soil surface had little effect on dry interval evaporation rates (Table 2, 2012c , 2013 , 2014 Fig. 2, 4, and 5) . The dry interval effects were not only small, the larger surface residue amounts appeared to cause more evaporation to occur. This is because residue delayed evaporation following rain, resulting in greater surface water still evaporating in the dry interval following an interval receiving rain. Because we recorded changes in weight only at the end of a period of time, rainfall received and completely evaporated within the period does not show in the data. Greater (that is, longer duration) soil water storage with greater surface residue was evident even after early summer rains when evaporative demand was high (Fig. 2, 4 , and 5). This is especially evident in Fig. 4 , for the August rain, in both no-mulch and mulch treatments.
Surface Soil Mulch Treatments
The effect of packing the soil uniformly to the surface (no mulch), putting a loose layer of fine soil on top of the packed base (mulch), or placing a mixture of clods and fine soil on top of the base (cloddy mulch) produced only small differences in dry-interval evaporation in both 2014 and 2015 (Table 2 ; Fig. 4 and 5). This becomes obvious only after accounting for differences in the first days of evaporation. The surface treatments had different starting soil moistures because the cloddy mulch was from the surface of a field and relatively dry (water content 0.08 kg kg −1 ) and therefore Table 2 . Statistical tests and effects of treatments for dry measurement intervals and intervals with >5 mm of accumulated rainfall. Experiment-wide error rate was protected at 0.05 using the Simulate method (Gbur et al., 2012) when assigning letters for mean separation in each group of means. . Data are the mean of 3 replicate lysimeters. Differences in initial evaporation due to different starting surface soil moistures is evident, and indicated below the curves. At the top of the curves, an arrow shows the point 20 mm from the initial drying differences, for comparison of performance after initial drying. Numbers across the top of each graph are rainfall (mm) accumulated since the previous weight measurement, zeros are not shown. Daily reference evapotranspiration (ET produced a lower initial evaporation rate. In 2014 (Fig. 4) , the differences in early evaporation were small: by the fifth measurement, the cloddy mulch treatment had lost 7.0 mm, the no mulch 8.5 mm, and the mulch 7.9 mm (average of residue levels). The cloddy mulch treatment gained less water after rainfall events, and the effect of residue on reducing evaporation in the cloddy mulch treatment was less. This was probably due to the especially large clods in 2014, which were not uniformly covered with residue (Fig. 1 ).
The differences in water depths among the same surface treatments in 2015 (Fig. 5) were greater than those in 2014 (Fig. 4) . On the fourth measurement, the cloddy mulch treatment had lost 3.1 mm, the no-mulch treatment 6.3 mm, and the mulch treatment 5.5 mm (Fig. 5) . Adjusting for the initial moisture loss, the magnitude of gains and losses of the remainder of the 2015 experiment were very similar for the three treatments. As mentioned above, residue can be seen to mostly affect increases in water following rain. Evaporation during dry periods is mostly parallel for the five residue levels.
In 2012 an experiment was conducted where a cloddy field soil was separated into fine soil and clods (Table 1, 2012d) . In one treatment the clods were placed on top of the fine soil, and in the other treatment fine soil was placed over the top of clods. The treatment with fine soil over the top of clods had less evaporation than clods placed on top of the fine soil ( Fig. 2B ; Table 2 ).
Soil Temperature Effects
Hourly temperature measurements were recorded at the 30-cm depth in 2014. Treatments included three surface soil types (no mulch, 12.5 cm of mulch, and 12.5 cm of cloddy mulch) and five surface residue levels (0-600 g m −2 , Table 1 ). To look for changes with time, three 4-to 6-d periods were randomly selected at the beginning, middle, and end of the experiment. The cloddy mulch consistently produced the narrowest diurnal temperature range, averaging 0.2°C less than the no-mulch or mulch treatments during the experimental period (p < 0.0001, data not shown). Also, the difference between 0 and 600 g m −2 residue cover was statistically significant: the addition of residue decreased the diurnal range in the mulch and no-mulch treatments, but increased the range of the cloddy mulch treatment. The average 30-cm-depth ground temperature near the lysimeter installation, during the entire experimental period (1 July-6 November), was 21.35°C. This was warmer than the no-mulch, mulch, and cloddy mulch treatments by 0.11, 0.02, and 0.04°C, respectively.
Discussion
There was no indication that evaporation was limited by the depth of moist soil in any of the experiments. The no-mulch and clod treatments in 2011 dried much more than any others in the 5 yr of experiments because only 5 mm of precipitation fell between 29 June and 4 October (Fig. 3) . From the data on the 2011 experiment's dry period (Table 2) , we can see that the no-mulch treatment lost 41 mm (3.17mm ´ 13 intervals) during this dry period. Despite this, there was no evidence of diminishing evaporation with time or convergence of treatments that lost the most water and treatments that lost much less water.
Temperatures in the lysimeters were similar to the ground surrounding the lysimeter installation. While largely similar, we did not attempt to prepare the surface or soil moisture of the surrounding ground to match that in the lysimeters, so these factors could cause inaccuracy in the comparison. We would expect some differences due to the bottom of the lysimeters being separated from deeper soil by an air gap and due to the lysimeter surface being elevated 7 cm above the ground level and exposed to sunlight and air.
The last column of Table 1 gives the maximum treatment difference in evaporation at the last date before significant autumn rain began. This represents one of the goals of summer fallow, which is to store as much water as possible for use by the following winter wheat crop. Table 1 reveals that with the exception of 2011, the treatment differences were <6 mm. In both field and laboratory tests of long periods of dry weather with high evaporative demand, the amount of surface residue had little effect on stored soil water (Al-Darby et al., 1989) . Ward et al. (2009) found <20 mm of difference with different summer fallow soil management techniques and measured, as we did, that at certain points of time residue increased evaporation rates.
It would seem that these soil water storage differences are not substantial enough to influence a decision to choose one tillage or residue management method over another. Our experiments did not, however, address the major goal of Pacific Northwest summer fallow, which is to create a high-moisture seed zone. To investigate this we would need to measure soil moisture profiles inside the lysimeters. Earlier research in the Pacific Northwest concluded that no-till practices did not produce adequate seed-zone moisture at planting time (Hammel et al., 1981; Lindstrom et al., 1974; Schillinger and Bolton, 1993) . We can conclude, however, that no-till fallow does not evaporate more stored soil water than tilled treatments. Where farmers have success in creating adequate seed-zone moisture under a tilled soil mulch, it is evidently not due to a reduction in total evaporation but to the creation of a distinct discontinuity between an effective soil mulch that resists water loss from the bottom of the mulch and the consolidated soil underneath. In years with adequate subsoil moisture, water moves upward fast enough to keep the soil below the discontinuity moist. Even relatively large amounts of surface residue alone are inadequate to provide an effective mulch, although there is evidence that surface residue acts like additional mulch thickness in proportion to the depth of the residue layer (Flury et al., 2009; Wuest and Schillinger, 2011) .
Increasing depths of fine, loose soil mulch produced small but measurable reductions in evaporation during long-term drought, the p. 12 of 14 most common situation in Mediterranean climates during summer. The 2013 experiment resulted in a statistically significant decrease in dry interval evaporation with a 12-or 18-cm soil mulch compared with a 6-cm mulch depth (Table 2) . Excepting the behavior of the treatment without a soil mulch (0 cm), the 2012a data demonstrated a progressive decrease in evaporation as the soil mulch depth increased. Similar results were found in a 2-yr experiment comparing 5-, 10-, and 15-cm soil mulches (Wuest, 2010) . These effects were small in magnitude. For example, 20-cm mulch depth vs. 5-cm depth (Table 2 , 2012a) demonstrated a 0.48-mm difference in evaporation per interval, which would be 4.32 mm across the nine intervals. In 2013, an 18-cm soil mulch vs. 6-cm mulch likewise resulted in 2.17 mm greater loss for the shallower soil mulch. The small response to tillage and residue could be related to soil texture. Other researchers have found that there is an interaction among soil texture, tillage, and residue on evaporation (Jalota et al., 2001; O'Leary and Connor, 1997; Prihar et al., 1996) . In general, coarser soils show less response to surface treatments.
Although the experiments were intended to compare treatments during the typically very dry summer fallow period, measurements were extended into the fall, and we were able to observe how the treatments affected water storage at the beginning of the rainy season and during cooler weather. The most consistent factor affecting the loss of water after precipitation events was the amount of wheat residue on the soil surface. Storage of rainfall increased in the autumn with increasing levels of surface residue cover, a conclusion reached in other studies (Rydberg, 1990; Swella et al., 2015) . Residue levels >150 g m −2 had effects that could provide substantial benefits to crops in semiarid regions. The greatest residue mass provided 100% soil cover and was about 2 cm in maximum depth. In some of the driest regions of the Pacific Northwest, where annual rainfall averages <300 mm and yields may average <2000 kg ha −1 , this level of residue cover is difficult or impossible to maintain during the summer fallow period even with no-till methods.
Potential Experimental Differences from Typical Farm-Managed Soils
The experimental treatments in 2013, 2014, and 2015 were factorial arrangements of surface residue and soil mulches. These treatment combinations are not all representative of crop production practices. In fields where tillage is used to produce a fine soil mulch, surface residue levels are normally very low. In fields where herbicides are used to control weeds and no tillage is used, it would be unusual to not have any surface residue cover. This means that we measured treatment main effects in factorial experiments using treatment combinations not common in the field. We also did not repeatedly till the soil mulch treatments throughout the summer. Farmers repeat tillage, especially with the use of a rod weeder to kill weeds missed by earlier tillage or emerging due to late rains, throughout the summer fallow period and prior to autumn planting. We allowed any crusts developed during early summer rains to remain intact throughout the fallow period. Re-tilling during the fallow period can affect evaporation rates of the soil mulches (Jalota and Prihar, 1990) .
It is possible that our lysimeters without soil mulches differed significantly from field conditions, especially the surfaces of longterm no-till fields. Fujikawa and Miyazaki (2005) found that repacked columns differed from intact cores due to the absence of natural cracks and pores and their effect on increasing gaseous diffusion. Cracks and pores could have an effect on increasing evaporation and on increasing the infiltration depth of rainfall. In general, our results agree with field studies where this artifact did not exist (Hammel et al., 1981; Ward et al., 2009; Wuest and Schillinger, 2011) . This provides some confidence that the lysimeters represented realistic approximations of field conditions.
One of the most important questions facing farmers in the dryland Pacific Northwest is whether no-till practices create a soil physical condition that improves overall water storage above that of tilled soil conditions. No-till has been determined to lose more water in the seed zone during the long dry period of Mediterranean climates (Schillinger and Bolton, 1993; Schillinger and Young, 2014) , but no-till has also been observed to store a greater proportion of autumn rains (Wuest and Corp, 2011) . Our lysimeter data indicate that this improved storage efficiency may be due to the greater residue levels normally present with no-till practices. The 2014 interaction between soil mulch treatments and residue found in intervals with >5 mm of rain was due to the increased evaporation (less water storage) of the cloddy mulch treatment ( Table 2 ). The no-mulch and mulch treatments responded similarly to greater residue levels in 2014 and also in 2015. This indicates that surface residue may be the most important variable in the difference between no-till and tilled farming systems. If this is true, there may be options for tillage systems to be as efficient as no-till in climate zones that produce sufficient crop residue to maximize stored soil water.
There is some discussion in the Pacific Northwest on the advantages and disadvantages of clods in a summer fallow mulch. Large clods can create voids that are open to the atmosphere, which allows evaporation directly from the seed zone. Smaller clods, 10-cm diameter or less that are surrounded by finer soil, do not affect the functioning of the soil mulch (Schillinger, 2001) . Clods are effective in reducing soil erosion by wind and water and help with infiltration of autumn rain and reducing soil crusting after seeding. It is also easier to retain crop residue on the soil surface when tillage is not aggressive enough to create a fine, clod-free mulch. The treatments in 2012d using clods on top of fine soil, compared with fine soil on top of a layer of clods, were designed to investigate the possibility that tillage tools could be designed to leave a cloddy soil mulch that was covered by a finer layer consisting of residue and fine soil. The question is whether the voids between clods at the bottom of the soil mulch would reduce or accelerate evaporation. It appears that the fine soil on top of clods VZJ | Advancing Critical Zone Science p. 13 of 14 worked similarly to residue in that the major effect was on slowing loss of water after rainfall. This resulted in slightly more evaporation during dry intervals (because of more water remaining from previous intervals receiving rainfall) and significantly more water storage after intervals with >5 mm of rain (Table 2 ). The clods on top of fine soil produced results similar to soil mulch depths of 0 to 7.5 cm, while fine soil on top of clods produced less evaporation than any other treatment during the dry period and was second only to the surface residue treatments in water storage following rain (Fig. 2) .
A subject for future investigation is evaporation when surface residues do not completely cover the soil surface. This was probably the reason why the cloddy mulch in 2014 caused greater loss of stored water following rain (Table 2 ). Patchy residue distribution is a common occurrence in the field, even under high residue levels. It is possible that islands of bare soil actually evaporate more water when near piles of thick residue because the high moisture under the residue maintains high hydraulic conductivity, which delivers water laterally to the patches of bare soil. If this is true, we would expect differences in this phenomenon between tilled and untilled soil. This possibility has important ramifications for residue management.
Improvements
Although the lysimeter temperatures were not substantially different from the surrounding soil, the temperature at the bottom of the lysimeters might be closer to natural soil temperatures if a flexible bladder of heat-conductive material was placed in the bottom of the liner bucket that also made contact with the lysimeter bottom. This was tried as a follow-up to this study. Plastic bags of wet soil were used to fill the gap between the liner bucket bottom and the bottom of two lysimeters. Temperatures were compared at a depth of 40 cm with normal lysimeters and also the surrounding ground. Filling the gap reduced the temperature difference between the lysimeters and the surrounding field soil by about half in measures of maximum temperature and diurnal range.
To mimic a no-till soil surface condition, it is necessary to work with a fairly moist soil while packing the lysimeters. On the other hand, the cloddy field soil is best taken from a partially dry soil from a field site. This creates different starting conditions, where the moist no-mulch surface has greater evaporation immediately after the lysimeters are placed outside. We could try to equalize the starting moisture by starting the no-mulch treatment earlier or adding water to the cloddy surface, but this would create a situation that is just as unrealistic as before. It is evident from close examination of Fig. 5 that the cloddy treatment lost less water in the first 15 d, and after that is very similar to the other two treatments. Re-zeroing the start point at Day 15 would make the three treatment responses to evaporation and precipitation very similar, but it distorts the residue effects that took place in the first evaporation period. In the field, different management systems will produce different quantities of stored soil moisture at the beginning of the summer fallow season. Perhaps relative evaporation is the most we can expect from lysimeters. On the other hand, the low cost and maintenance of small lysimeters allows multiple factors and even multiple soil types and soil moisture levels to be compared at the same time. Well-designed studies should allow investigation of almost any factor and even interactions of multiple factors. For some research, rainout shelters or rainfall simulators may be needed.
Our measurements were made weekly or twice weekly, and when possible measurements were made soon after rainfall events. We avoided measurements during rain or while rain was starting to fall to avoid some lysimeters being weighed before being rained on and others being weighed after rain began. This means that it rained between measurements, and the amount of evaporation between the end of the rainfall and the measurement varied. A small rain might be completely evaporated before a measurement was made, or sometimes very little evaporation would have taken place. The numbers in Fig. 2 to 5 show how much total rainfall occurred in the previous reading interval, but because the rainfall was measured on a daily basis, midnight to midnight, it sometimes includes rain falling after the reading and before midnight. This is why it occasionally appears that there was no response to significant amounts of precipitation. Hourly precipitation records would solve this problem.
It is possible that this lysimeter design could be used for more quantitative measurements for use in modeling. This would require measuring the soil water and temperature profiles in the lysimeters during critical periods. This might be accomplished using destructive samples or electronic sensors.
Conclusions
The lysimeters were capable of resolving differences in evaporation between soil mulch depth increments of 2.5 cm, soil bulk density of 0.1 g m −3 , and surface residue levels of 150 g m −2 . Increasing amounts of residue on the soil surface consistently resulted in greater stored soil water after rainfall events, especially in the autumn when rainfall events were larger and evaporative demand lower. After initial drying following a rainfall event earlier in the summer and during extended dry periods, residue had little effect on evaporation. Deeper layers of loose soil, up to about 15 cm deep, reduced evaporation slightly during dry periods. Considering the end results at planting time in the month of September, the soil water storage differences in the total 40-cm lysimeter depth were surprisingly small and probably insubstantial. We did not measure water potentials in the critical seed-zone depths, which may differ, but we can conclude that total water storage was not greatly influenced by soil mulches or residue during the dry period. On the other hand, the effects of residue cover on the storage of late summer and early fall rain were substantial and are probably beneficial for early crop development.
